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Abstract: An analytical approach to evaluate the performance of
the 3G/ad hoc integrated network is presented. A channel
model capturing both path loss and shadowing is applied to the
analysis so as to characterize power falloff vs. distance. The
3G/ad hoc integrated network scenario model is introduced
briefly. Based on this model, several performances of the 3G/
ad hoc integrated network in terms of outage probability, call
dropping probability and new call blocking probability are
evaluated. The corresponding performance formulae are
deduced in accordance with the analytical models. Meanwhile,
the formula of the 3G/ad hoc integrated network capacity is
deduced on the basis of the formula of the outage probability. It
is observed from extensive simulation and numerical analysis
that the 3G/ad hoc integrated network remarkably outperforms
the 3G network with regards to the network performance. This
derived evaluation approach can be applied into planning and
optimization of the 3G/ad hoc network.
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here are various disparate wireless systems such as the

3G (third generation) network providing a wide cover-
age area and the ad hoc network providing short distance
wireless communication. The 3G network is a central con-
trol communication network which uses fixed base stations
to forward traffic for all the mobile stations. However, there
is a well-known tradeoff between the capacity and the cover-
age area in cellular communications'". Compared with the
3G network, the ad hoc network is a self-organizing multi-
hop wireless network without a fixed infrastructure' . So it
can be used as a complement to cellular communication for
establishing ubiquitous networks. The complementary
strengths of the cellular network and the ad hoc network
have motivated their integration.

Recently, various heterogeneous networks have attracted
much attention in the research communities all around the
world. In Ref.[3], the potential capacity is improved in a
cellular CDMA system when ad hoc traffic relaying is used
by dual-mode mobile stations. A survey of the most recent
interworking mechanisms is proposed and some important
open issues to achieve seamless integration are presented in
Ref.[4]. In Ref. [5], a novel configuration architecture
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that can be deployed in the next generation of wireless net-
works and a predictive vertical handoff decision scheme that
optimizes the handoff initiation time as well as a selection of
the most optimal network are proposed. In order to avoid
modifying the existing protocols in the network nodes, Lai
et al. ' proposed the application-level approach for hetero-
geneous network integration. Meanwhile, there are many
research activities focusing on the field of the vertical hand-
off algorithm for integrated networks'”'”. But these inte-
grated networks mentioned above mainly cover the integra-
tion of cellular networks and WLAN. In the network in-
tegrating 3G and WLAN network, the access point of the
WLAN network is usually fixed. However, in the network
integrating 3G and ad hoc network, the mobile station can
look for any mobile station as the relaying mobile station to
access the network. This network is more flexible. To the
best of our knowledge, there is no previous work that ad-
dresses the issue of the performance analysis for the integrat-
ed network of the 3G network and the ad hoc networks in
detail.

In this paper, the network integrating 3G network and the
ad hoc network is named as the C3G-A network''". In the
conventional 3G network, the communication between the
two mobile stations must be based on base stations. In such
a cellular network, call blocking occurs when the base sta-
tion has no available channel resource to allocate for the mo-
bile stations and call dropping occurs when a call is termina-
ted due to a handoff failure or a bad SIR (signal to interfer-
ence ratio) . These two cases are more likely to occur when
the mobile station is located in a weak signal area, such as
basements, tunnels, elevators and so on. However, in the
C3G-A network, the mobile station can look for a relay sta-
tion to access the 3G cellular network when the received SIR
value of the mobile station is below the SIR threshold. Intu-
itively, the C3G-A network can efficiently decrease call
blocking probability and call dropping probability compared
with the conventional 3G cellular network.

1 C3G-A Network Scenarios Model

With the growth of data service in conventional 3G net-
works, the mutual interference increases and the coverage
area of the cell shrinks. Consequently, call dropping proba-
bility becomes larger and the network performance becomes
worse. Meanwhile, with the rapid urban growth and the in-
crease of skyscrapers, there are more blind zones such as el-
evators, underground parking lots, routeways of streets,
tunnels and so on. Based on this background, we propose a
C3G-A network integrating 3G and ad hoc networks. Here,
we consider that the mobile stations are dual-mode, having
both ad hoc networks and 3G network functions. In the con-
ventional 3G network, the communication between the two
mobile stations must be based on base stations. Consequent-



234

Li Xujie and Shen Lianfeng

ly, they cannot implement communication if one of them is
located in a blind spot of the cell. However, in the C3G-A
network, the mobile station located in the blind spots of a
cell can access the base station using ad hoc network rela-
ying so as to accomplish the communication.

In the C3G-A network, there are several common scenari-
os, as shown in Fig. 1.

1) The two mobile stations can implement communication
directly using the ad hoc network with single-hop if they are
in the scope of the ad hoc network, as with the MS2 and
MS9 in Fig. 1.

2) The two mobile stations can implement communication
using the ad hoc network with multi-hop, as with the com-
munication between MS1 and MSI11.

3) If one of the two mobile stations is located in the blind
spots of the cell, it can find a relay station to access the base
station. For example, MS6 can access BS3 via MS7, and
MS4 can access BS2 via MSS.

—— 3G network link
—---Ad hoc network link

network

Fig.1 C3G-A network scenarios model

2 (C3G-A Network Performance Analysis

In wireless communication systems, the complexity of
signal propagation makes it difficult to obtain a single model
that characterizes path loss accurately across a range of dif-
ferent environments. Models for path loss and shadowing
can be superimposed to capture power falloff vs. distance
along with the random attenuation about this path loss from
shadowing. For this combined model, the received power in
dB is given by'"”

P.(dB) =P (dB) +101og1<-1oylogdi-¢d3 (1)
0

where P is the received power in dB; P, is the transmitted
power in dB; K is a unitless constant that depends on the
antenna characteristics and the average channel attenuation;
d, is the reference distance for the antenna far-field; d is the
distance between the mobile station and the base station; y
is the path-loss exponent; and i, is a Gauss-distributed ran-
dom variable with mean zero and variance in-

2.1 Qutage probability

In conventional 3G mobile communication networks,
there is a targeted minimum signal to interference ratio

SIR,;, below which performance becomes unacceptable.
According to the definition of the SIR, we can obtain the
received SIR value at mobile station j as

% P(./) P(j)

SIR(N)I = — N » =X N r.
a ) PV +P a Y P +P,

vR
i=1, i) i=1, i)

(2)

Here, the perfect power-control is applied to the 3G net-
work. P'” is the received power from mobile station i at the
base station; N is the ongoing user number in the cell; W is
the chip rate; v is the average activity factor of the user; R
is the bit rate of the user; y is the gain factor; « is the non-
orthogonal factor (« =0 for a fully orthogonal system, and
o =1 for a fully nonorthogonal system), and P, is the re-
ceiver noise power.

Eq. (2) can be rewritten in decibels as

. d.
SIR(d,,N),; = PY +10logk - 10ylog d—f — g5 +10log y -1,
0
(3)

N
where 1, =10log ( a ) PPG +P, ) and d, is the distance
i=1,i#j
between mobile station z] and the base station.

We define P_,(d, N) to be the outage probability that the
received SIR value for the user number N in the current cell
at a given distance d, or SIR(d, N), falls below SIR , :
P (d, N) =p(SIR(d, N) <SIR,, ), and we can obtain
that

P, (d,N), = p(SIR(d,N), <SIR,,)) =1 -

d

SIR,;, — (Pij) + 10logK - 10vylog L4 10logy - Ij)
0

d
d ; |
b

(4)

Assume that the locations of all the users in this cell fol-
low a uniform distribution and denote the radius as R, then

2r
= 0<r<R

fr) = {R2 (5)
0 otherwise

where f( r) is the probability density function of the distance
between the mobile station and the base station. So the av-
erage outage probability is given by

— K 21
Poul 3g(N) = J’OPout(l’ N) Edl (6)

Since the CDMA capacity is interference limited, both the
communication quality of ongoing calls and the admission
condition of new arriving calls for each cell depend on the
time-varying SIR. In this paper we use a simple CAC ( call
admission control scheme). For a new call, to guarantee
QoS, we deny it if the average outage probability is above
0. 05 after it is allowed to access the 3G network. Tradition-
ally, the capacity of the 3G network is determined by the
outage probability, which is set as a fixed value for all the
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types of traffic'"”. Consequently, the network capacity C,,

is the maximum user number when the average outage prob-
ability is below a threshold value p, and it can be expressed
as

CSg = arg mNaX(Paul}g(N) sp) (7)

In the C3G-A network, we assume that a mobile station
MSI1 fails to access the base station BS1 due to the shadow
fading, as shown in Fig. 2. Consequently, MS1 will scan
the area around it to find a relay mobile station to establish
an ad hoc network. We denote the longest distance that the
two mobile stations can establish a direct link as R, ., and
denote the distance between MS1 and BSO as r. Mean-
while, we define the user density d_, as the user number per
unit area. Furthermore, we denote the proportion of the on-
going users in all the users as A. So we can obtain

user

N, = ( I - )‘) TrRidhucduser

user

(8)
N = )\Trdeuscr (9)

where R is the radius of the cell in the 3G network; N is
the number of the available users to relay; N is the ongoing
user number in the current cell. As shown in Fig. 2, we
consider that MS1 can find an idle mobile station MS2 to re-
lay and there is no failure for the communication between
MS1 and MS2 in the ad hoc network. The probability that

MS2 cannot successfully access BSO is denoted as P

out _relay *
So, it is found that
Pout,reluy( SIRmin’ r, N) =
e 2 2 ¥ 2a 1
[ [ Pu(SIR,,, V@ +7 =2arcoss, N) 5 —doda
0 0 adhoc ZTT
(10)

— 3G network link
————— Ad hoc network link

Fig.2 C3G-A network analysis model for single cell

Because there are N, users who can relay MSI to access
BSO, the probability that MS1 can successfully find an idle

mobile station and access the base station is obtained as

Pfind,rclay,ms = 1 - (Pout,rclay( SIRmin’ T, N) ) M ( 11)

In the C3G-A system, we redefine the outage probability
as the probability that both MS1 and MS2 cannot successful-
ly access BSO. In other words, MSI needs to find a
relaying mobile station if its received SIR value is below

SIR,;,, and we consider that MS2 can relay MS1 to access
BSO, but there is also an outage probability for MS2 if MS2
has successfully accessed BSO as a relay station. Here, MS1
should select the one with the maximum SIR value. Name-
ly, MSI1 will select the mobile station MS2 with the mini-
mum outage probability.

Pmin out relay( SIRmin’ T, N) = mln( Pou( re]ay( SIl{min’ T, N’ l))
i=1,2,..,N,., (12)
Pou(,ch,a( SIRmin’ r, N) = Puul( SIRmin’ r, N) ( ( 1 - Pfind,relay,ms) +

P (SIR,,.,r, N)P

min _out _relay find _relay _ms )

(13)

In the same way, the average outage probability in the
C3G-A network is

5 A 8 21
Poul,cBg,a(N) = fopoul,c3g,a(SIRmin’ l’ N) Edl (14)

Finally, we can obtain the network capacity as

Cch,u =arg m}\?x( Poul,dg,a(N) sp) (15)

2.2 Call dropping probability

Call dropping probability is the probability that a call is
terminated due to a handoff failure or poor signals. The mo-
bile station cannot maintain the communication with the base
station if its received SIR value is below SIR ;. Conse-
quently, in the conventional 3G network, call dropping will
occur if a mobile station cannot successfully handoff to an
adjacent cell when its received SIR value from the current
base station is below SIR , . We define the probability that
a mobile station at a given distance d and the ongoing user
number N in this cell fails to handoff to the adjacent cells as
P (L, N, B). So we can obtain the call dropping proba-
bility,

- @ @ 2 1
Pca]ldmpping}g(N’ l) = fo Poul( SIRmin’ l’ N)Pfai]mho( l’ N’ B) Edﬂ

(16)
R 21
Pculldmpping}g(N) = fO Pcul]drupping}g(N’ l) Pdl =
e 21 1
J’ j Pouz( SIRmin’ l’ N) Pfailloho( l’ N’ B) 2 7dﬁdl
070 R 2w
(17)
6
Pfailtohc(l’ N’B) = HPfailtobs(i’ l’ N’B) (18)
i=1

P o (15 1, N, B) =
P (SIR ., x/Lz + 2L, ,lcos(B+(i-1)60),N)
i=1,2,...,6 (19)

where P,...(i, [, N, B) is the probability that a mobile sta-
tion cannot access the base station i (i =1, 2,...,6); L, is
the distance between any two adjacent base stations. An ide-
alized placement of the base stations is shown in Fig. 3.
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Fig.3 Conventional 3G network analysis model

Now, we analyze the C3G-A network. Two main cases
are analyzed. One is that a mobile station cannot access the
base station because of the shadow fading, but it can suc-
cessfully find a relaying mobile station to access the current
base station, as shown in Fig. 2. The other case is that a
mobile station which cannot directly access the local base
station fails to find a relaying mobile station to access the
current base station, but it can successfully find a relaying
mobile station to access an adjacent cell, as shown in Fig.
4. In the C3G-A network, this case will occur when a mo-
bile station cannot find a suitable relaying mobile station to
access the local base station or there are not available chan-
nel resources for a new call. Apparently, the C3G-A net-
work can decrease call dropping probability and new call
blocking probability.

Fig.4 C3G-A network analysis model for mutiple cells

To sum up, in the C3G-A network, call dropping will
occur if the mobile station cannot successfully find a rela-
ying mobile station to access a base station (the local base
station or the adjacent base stations) or successfully handoff
to an adjacent cell when its received SIR value of the current
cell is below SIR . . That is

2
Pcandropping,dg,a(Nr r = jo P (SIR ;.\, 7, N) Py (1, N, B) -

1
(1 - Pﬁml,reluy,ms) ( 1 - Pﬁnd,adj,relay,ms( r, N, ,3) ) gdﬁ
(20)

K 2
r
Pca]ldmpping,c}g,a(N) = J‘ Pcalldropping,c3g,a(N’ r) Edr =
0

R 27
j J‘ Poul( Sllzmin’ r, N) Pfailloho( r, N’ B) ( 1 - Pfind,relay,ms) :
070

2r 1

( 1 - Pfind,adj,re]ay,ms( r, N’ ﬁ)) E Edﬁdr (21)

6
Pfiﬂd,adj,reluy,ms( r N, B) =1- H Pfailrelaylobs( i, r, N, B)
i=1
(22)

Pfailrelaylobs( i’ T, N’ ﬁ) = (Pnut( SIRmin’ d( l) ’ N) ) N (23)

P, (SIR, d(i), N) = f: fzﬂPom :

(SIR,., V(i) +& —2I(i)acosd, N) —=% L dgda
adhoc 21T
(24)
10i) = /L, , + 1 =2rL,, .cos(B + (i —1)60)
i=1,2,...,6 (25)

2.3 New call blocking probability

New call blocking probability is the probability that a new
call is blocked. When there is no available channel resource
to allocate for the new call, call blocking will occur. We
denote the average new call blocking probability in the con-
ventional 3G network as

@Cw
c,,!
Pncb}g = E(C}}g’ﬁ) = ' k

Cy,

z

k=0

(26)

where A is the average arrival rate; 8 =AT,, T, is the aver-
age call duration.

Likewise, in the C3G-A system, the new call blocking
probability is given by

i

P

= E(Cy, . B) = ng,a- (27)

ncb_c3g_a

=

~

=0

3 Numerical Results and Discussion

In this part, some simulation results are obtained based on
the aforementioned analysis. The simulation parameters are
given in Tab. 1.

Tab.1 Simulation parameters

Parameter Value Parameter Value
R/m 600 R gnoc/ M 100
SIR,;,/dB 5.3 K 7x107*

Pr/dBm 20 «a 0.1
b% 3.71 Ty 3.65
G 100 P,/dBm -105
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The outage probabilities of the C3G-A network and the
conventional 3G network are compared in Fig. 5. It is
shown that the outage probability increases with the increase
in the distance between the mobile station and the base sta-
tion. This is because the longer the distance is, the bigger
the signal attenuation will be. In the C3G-A network, the
mobile station can find a relaying mobile station to access
the base station if the mobile station fails to access the base
station when its received SIR value is below SIR ;. Here,
we take the outage probability of the C3G-A network as the
probability that both the mobile station and the relay station
cannot access the base station. From Fig. 5, it can be seen
that the C3G-A network can obtain better performance in
terms of outage probability than the conventional 3G net-
work. Subsequently, the capacities of the C3G-A network
and the conventional 3G network are compared in Fig. 6.
When the targeted outage probability is set at 0.05, it is
found that the capacity of the C3G-A network (248 users
per cell) is greater than the capacity of the conventional net-
work (101 users) by about 146% .

10! —— 3G network
n —— C3G-A network
=
B
21072
=
S
<
B n-3
o 107°F
&
=
o
10_4 1 1 1 1 1 I

350 400 450 500 550
Distance between MS and BS/m

300 600

Fig.5 Outage probability in C3G-A system compared with that
in conventional 3G network (N, =1000, A =0.075)

350
300

—=— 3G network
—+— C3G-A network

Capacity

0 ! L ! !
0.02 0.04 0.06 0.08

Allowable outage probability

|
0.10

Fig.6 Capacity of C3G-A network compared with that of con-
ventional 3G network (N, =1000, A =0.075)

Similarly, the call dropping probabilities of the C3G-A
network and the conventional 3G network are compared in
Fig.7. In the conventional 3G network, call dropping will
occur when a mobile station cannot maintain the communi-
cation with the current base station or cannot successfully
handoff to the adjacent base station when its received SIR
value is below SIR, . . However, in the C3G-A network,
the mobile station can find a relaying mobile station to ac-
cess the current base station or an adjacent base station when
its received SIR value is below the SIR threshold SIR , .
Therefore, the call dropping probability in the C3G-A net-

work is greatly reduced compared with that in the conven-
tional 3G network, as shown in Fig. 7. For example, the
call dropping probability in the conventional 3G network is
about 0. 01641, but the call dropping probability in the
C3G-A network is only 0. 000240 2. This means that the
call dropping only occurs in the C3G-A network if there are
adequate available channels. At the same time, there is an-
other case which deserves attention: in the C3G-A network,
the call dropping probability at a given distance of 550 m is
even less than at a given distance of 350 m. This is due to
the fact that the mobile station at a distance of 550 m more
likely successfully finds a relaying mobile station to access
an adjacent base station than the mobile station at a distance
of 350 m does.

In Fig. 8, we compare the new call blocking probability
in the C3G-A network with that in the conventional 3G net-
work. Either the allowable outage probability £ is equal to
0.05 or 0.01, it is shown that the C3G-A network outper-
forms the conventional 3G network with respect to the new
call blocking probability.

10! —+— 3G network

—8— C3G-A network

10 -2

10731

Call dropping probability

10 ~* L
150 200

1 1 1 1 1 1 1 ]
250 300 350 400 450 500 550 600
Distance between MS and BS/m

Fig.7 Call dropping probability in C3G-A network compared
with that in conventional 3G network (N, =1 000, A =0.075)

—o— C3G-A network (& =0.05)

B 0.06 —=— C3G-Anetwork (& =0.01)¢
% 0.05 F —o— 3G network (£ =0.05) :
-g —— 3G network (£=0.01) ;ZS
 0.04|
2 ' ! $
= 002} ¢ i
E 4 s f
£ 0.01f f :
z ] /

0 M j |

50 100 150 200 250
B=AT,

Fig.8 New call blocking probability in C3G-A network com-
pared with that in conventional 3G network

4 Conclusion

In this paper, a performance analytical approach for the
C3G-A network which integrates the 3G network and the ad
hoc network is proposed. C3G-A network performances in
terms of the outage probability, the call dropping probability
and the new call blocking probability are analyzed. Numeri-
cal results show that the performance of the C3G-A network
with respect to these aspects outperforms the conventional
3G network. Especially, there is a very remarkable im-
provement in terms of the call dropping probability. The re-
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sult is inspiring. It is an efficient way to improve the per-
formance of the 3G network.
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